Introduction
============

Coevolution makes a major contribution to generating and maintaining biodiversity ([@mst041-B60]). Signatures of coevolution are pre-eminent in host--pathogen systems because of the strong selective pressures that the pathogen and host exert on each other. Host--pathogen coevolution is a ubiquitous phenomenon that likely affects all organisms, but much of the research effort has been concentrated in systems of medical or economic importance. For example, human diseases such as malaria, AIDS, or influenza are caused by coevolving pathogens. Host--pathogen coevolution is equally important in agriculture, where livestock is attacked by coevolving parasites and crops are affected by an armada of rapidly coevolving bacterial, viral, and fungal pathogens. The development of effective human vaccines or sustainably resistant crops hinges on understanding the underlying genetic basis of coevolutionary adaptation.

Although traditional studies mainly sought phenomenological evidence for coevolution and adaptation, a key problem in modern evolutionary biology is to connect the observed phenotypes with a genotype. Recent advances in sequencing technologies and steadily dropping costs are making it possible to obtain whole-genome sequences from many nonmodel organisms, leading to the rapidly emerging fields of ecological and population genomics (e.g., [@mst041-B38]). One important outcome of this development is the possibility to compare large numbers of candidate genes or to detect new target genes of selection without prior knowledge of the underlying phenotypic variation ([@mst041-B16]).

Next-generation sequencing technologies also provide new approaches to study coevolution of pathogenic species allowing the comparison of multiple gene families at the genomic and transcriptomic level. Here, we focus on a group of key enzymes of plant pathogenic fungi that target plant cell walls. In addition to its structural function ([@mst041-B51]), the plant cell wall provides the first line of defense against pathogens and offers a significant source of pathogen nutrition ([@mst041-B11]). More than 120 years ago, [@mst041-B10] proposed that pathogen-secreted proteins now called plant cell wall degrading enzymes (PCWDEs) play an important role in pathogenesis by destroying plant cells during infection by fungal pathogens. Plant pathogenic fungi exhibit complex life cycles that can include many different kinds of interactions with their hosts (see review by [@mst041-B26] and references therein). For example, hemibiotrophic fungi display a three-stage life cycle. During the first biotrophic stage, the fungus grows asymptomatically within the living plant, whereas the second necrotrophic stage is characterized by death of the plant tissue. During the final saprotrophic stage, the fungus completes its life cycle on the dead plant tissue. Over the last decades, it has become clear that fungal plant pathogens have evolved an arsenal of substrate-specific PCWDEs that cleave the various components of the plant cell wall, with different PCWDEs likely being utilized during different phases of the pathogen life cycle ([@mst041-B7]; [@mst041-B8]; [@mst041-B66]). Thus, PCWDEs play a crucial role both in host cell destruction and as providers of pathogen nutrition, and it is likely that selection has had a significant impact on PCWDEs due to these vital functions. For example, adaptation to specific substrates (i.e., components of the plant cell wall) will reduce the diversity at nonsynonymous codon sites compared with synonymous sites due to functional optimization of enzymatic activity. This process will leave a genetic signature of purifying selection on some PCWDEs.

PCWDEs or some of their degradation products may also act as effector molecules that elicit defense responses in plants ([@mst041-B18]). In recent years, a growing number of plant proteins have been isolated that inhibit the activity of PCWDEs and were proposed to form part of the plant immune system ([@mst041-B12]; [@mst041-B41]; [@mst041-B19]). The growing evidence for a complex array of PCWDE inhibitors provides compelling evidence for a plant--microbe coevolutionary arms race between the pathogen-produced enzymes and these inhibitors ([@mst041-B31]). In this case, selection will favor mutations that allow the pathogen to avoid recognition or inactivation of the affected PCWDE, resulting in genetic signatures of diversifying selection.

The wheat pathogen *Z. tritici* and its close relatives provide a powerful model system to differentiate the evolutionary processes affecting PCWDEs in plant pathogenic fungi. *Zymoseptoria tritici* is a filamentous fungus with a small complement of PCWDEs compared with other fungi ([@mst041-B44]), and it is, therefore, less likely that a high redundancy in PCWDE functions exists. *Zymoseptoria tritici* has two closely related ancestral species, *Z. pseudotritici* and *Z. ardabiliae,* that were recently discovered infecting uncultivated grasses in the Fertile Crescent. It was hypothesized that *Z. tritici* emerged as a pathogen specialized to infect wheat during the domestication of wheat in the Fertile Crescent approximately 10,000 years ago ([@mst041-B55]). The genomes of several strains in each species were sequenced and compared, allowing the identification of the full complement of PCWDEs in each species and assignment of orthologs across species ([@mst041-B56]).

Although sequences are available for all PCWDEs in *Z. tritici*, it is not known when these genes are expressed during the host--pathogen interaction. Hemibiotrophic fungi such as *Z. tritici* display a distinctive three-stage life cycle, and we hypothesized that different PCWDEs may have evolved to have an optimized enzymatic activity during different phases of the pathogen life cycle. Life-cycle-dependent transcription patterns for members of three multigene families were found for the human malaria parasite *Plasmodium falciparum* revealed ([@mst041-B36]). Thus, we combined the population genomic data sets with transcription data from an RNA-Seq experiment to investigate the evolutionary forces acting on each PCWDE. We found that the evolution of PCWDEs in plant pathogenic fungi has been significantly affected by life cycle specialization and by varying degrees of purifying and diversifying selection. On the basis of these results, we formulate specific hypotheses regarding the evolutionary processes operating on candidate genes to gain insight into their specialized functions during the host--pathogen interaction. This information can then be used to determine which members of each family are the most appropriate targets for detailed wet laboratory experimentation to elucidate enzymatic function during relevant phases of the pathogen life cycle.

Results
=======

Our data set included 48 PCWDEs from the reference genome *Z. tritici* IPO323 that were distributed among 21 Carbohydrate-Active EnZymes database (CAZy) families according to structurally related and shared functional domains ([supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online). All these genes were identified in all nine resequenced genomes of *Z. tritici* with an average amino acid (aa) identity of 98%. Although orthologs for all 48 PCWDEs were detected also in *Z. pseudotritici* (94% average aa identity), 46 genes were found in *Z. ardabiliae* (92% average aa identity) and 34 were found in the more distant outgroup species *Z. passerinii* (84% average aa identity).

The transcription analyses are summarized in [supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online. By comparing transcription profiles among members of the same CAZy family, we were able to identify 28 genes displaying life-cycle-specific expression. For example, five of the six genes belonging to the CAZy family carbohydrate esterases 5-encoding cutinases displayed life-cycle-specific expression. ProtID 18212 was preferentially expressed during the biotrophic stage but only marginally expressed during the necrotrophic and saprotrophic stages in the life cycle. ProtID 68483 and ProtID 99331 were expressed mainly in the necrotrophic stage, and ProtID 77282 was expressed mainly during the saprotrophic stage ([fig. 1](#mst041-F1){ref-type="fig"}). Similar patterns of life-cycle-specific expression were found in other CAZy families ([supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) and [table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online), consistent with the hypothesis of life cycle specialization. F[ig]{.smallcaps}. 1.Standardized transcription values (RPKM) from RNA-Seq experiments in *Zymoseptoria tritici* indicate differential in planta expression for cutinase genes during the biotrophic, necrotrophic, and saprotrophic life cycle stages. The gene expression bars represent the average from three biological replicates and error bars are one standard deviation from the mean; dpi, days post-inoculation. Detailed values for all cell wall degrading enzymes are given in [supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online.

All PCWDEs showed nucleotide variability within and/or between species. Neutrality indices estimated from McDonald--Kreitman tests (MKTs) were significantly different from zero for 14 genes, suggesting that selection played an important role during the evolution of these PCWDEs ([fig. 2](#mst041-F2){ref-type="fig"}; [supplementary tables S3a](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) and [S3b](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online). With the exception of cellulases, significant purifying selection was indicated for 11 genes distributed over all classes. Accordingly, three genes were identified as being under positive selection, with one each attributed to the cutinases, cellulases, and hemicellulases. F[ig]{.smallcaps}. 2.Plot of McDonald--Kreitman test neutrality indices (NI) estimated from the combined pairwise species comparisons *Zymoseptoria tritici--Z. pseudotritici, Z. tritici--Z. ardabiliae,* and *Z. pseudotritici--Z. ardabiliae*. Values above zero (red) indicate diversifying selection, whereas values below zero (blue) indicate purifying selection. Significance values of *P* ≤ 0.01 are indicated with asterisks. (*a*) NIs for all 48 cell wall degrading enzymes organized according to CAZy families. (*b*) Combined NIs for multigene CAZy families. Detailed values are given in [supplementary tables S3a](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) and [S3b](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online. CE, carbohydrate esterases; GH, glycoside hydrolases; PL, polysaccharide lyases.

We used phylogenetic analyses to assess whether significant differences in selection pressure, as measured by d*N*/d*S* ratios, were operating on the PCWDEs during the evolution of *Z. tritici*. Models 1 and 2, which assume the same d*N*/d*S* ratios for *Z. tritici* and its ancestors (i.e., no selection heterogeneity), were the best models for 36 genes. However, 12 genes showed significant heterogeneity in d*N*/d*S* at *P* ≤ 0.01, supporting our hypothesis that changing selection pressure has affected the evolution of PCWDEs ([fig. 3](#mst041-F3){ref-type="fig"}; [supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online). Of these, eight genes showed significantly lower d*N*/d*S*, suggestive of an increase in purifying selection, and four genes showed a significantly higher d*N*/d*S*, suggestive of an increase in diversifying selection in *Z. tritici*, for example, due to the new environment/host species ([supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online). A detailed summary of the main findings for each class of PCWDE is provided as [supplementary results](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online. F[ig]{.smallcaps}. 3.Likelihood ratio tests to detect selection heterogeneity across the phylogeny of *Zymoseptoria tritici* against its ancestors for all 48 cell wall degrading enzymes. (*a*) Phylogeny and models used to assess heterogeneity in d*N*/d*S*. Models M2--M5 assume heterogeneity on different levels and are compared against the null-model M1 assuming a constant d*N*/d*S* value. (*b*) Gene frequencies of significantly higher d*N*/d*S* ratios (red) or significantly lower d*N*/d*S* ratios (blue) for *Z. tritici* at *P* ≤ 0.01. Nonsignificant selection heterogeneity is indicated in yellow. Detailed values are given in [supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online.

Discussion
==========

Parasites must adapt to their hosts during all stages of their life cycle including initial infection and host-dependent growth and reproduction. A crucial first step toward understanding the processes underlying host--pathogen coevolution is to identify the relevant genes and determine their roles during different phases of the infection cycle. Our findings revealed that the evolution of PCWDEs in plant pathogenic fungi has been significantly affected by life cycle specialization and by varying degrees of purifying and diversifying selection. In the following sections, we combine our results and propose specific but simplified hypotheses regarding the evolutionary forces acting on each gene and their possible cellular functions as illustrated in [figure 5](#mst041-F5){ref-type="fig"}.

PCWDEs Involved in Life Cycle Specialization
--------------------------------------------

Many genes within a species can be grouped into multigene families based on similar enzymatic functions. However, the existence of gene families does not necessarily imply redundancy for the associated metabolic functions. We hypothesized that some PCWDEs belonging to the same enzymatic family have been selected for optimized function during different phases of the life cycle of a hemibiotrophic pathogen. Hemibiotrophic pathogens undergo different types of growth and metabolism during their life cycle in the host and therefore propagate through changing conditions in the plant, such as different pH environments that are likely to occur during the biotrophic, necrotrophic, and saprotrophic phases of the life cycle (scenario 1 in [fig. 5](#mst041-F5){ref-type="fig"}). Under this evolutionary scenario, that we will call "life cycle specialization," we did not necessarily expect to find genetic signatures of natural selection; however, we expected to detect differential expression patterns for different members of each class of PCWDE.

Twenty-eight of the 48 PCWDEs showed expression levels significantly different in distinct stages and, thus, can be classified as life cycle specific ([fig. 4](#mst041-F4){ref-type="fig"}). Several examples were found in the cutinase family. Cutinases are not considered to be PCWDEs in the strict sense, but they are important enzymes for plant pathogenic fungi that need to penetrate the cuticle to initiate a successful infection. The role of cutinases in pathogenicity remains contradictory and circumstantial ([@mst041-B58]; [@mst041-B48]; [@mst041-B67]), and some authors proposed that cutinases are more important during the saprophytic growth of the fungus ([@mst041-B54]). *Zymoseptoria tritici* is thought to penetrate the plant exclusively through stomata (e.g., [@mst041-B34]), though several studies indicated that direct penetration through the cuticle also could occur (e.g., [@mst041-B64]; [@mst041-B25]; [@mst041-B9]). Given the consensus of stomatal infection, it was surprising to find six cutinase genes in *Z. tritici*. Our findings suggest that cutinase activity is important during all stages of the life cycle of *Z. tritici*, but different cutinases are active during different stages of the life cycle ([fig. 1](#mst041-F1){ref-type="fig"}). F[ig]{.smallcaps}. 4.Categorization of PCWDEs according to the four main evolutionary scenarios postulated to affect their evolution (see also [fig. 5](#mst041-F5){ref-type="fig"}). Only significant differences in transcript abundances among the different life stages are highlighted. The fifth column identifies the 13 enzymes that could not be categorized. F[ig]{.smallcaps}. 5.Schematic visualization of the four main evolutionary scenarios postulated to affect the evolution of PCWDEs in plant pathogenic fungi (yellow circles). Different hosts are represented by different leaf shapes. Different symbols indicate PCWDEs belonging to the same gene family and colors represent different alleles (protein variants) of a specific gene. 1) Life cycle specialization: Members of the same gene family are preferentially expressed at different stages of the pathogen life cycle. 2) Host adaptation: Purifying selection for different protein variants of the same gene on different hosts. 3) Host evasion: Recognition of a specific protein (blue) by the host and subsequent diversifying selection on the same protein to evade recognition. 4) Conserved substrate optimization: Purifying selection for the same optimized protein variant on different hosts.

A common approach to understand the role of different PCWDEs during the pathogen life cycle (especially during the biotrophic or necrotrophic phases) has been to delete individual genes and compare the resulting phenotype on the host. The outcomes of many of these experiments have been inconclusive, which the investigators often attribute to functional redundancy within these multigene families (e.g., [@mst041-B21]; [@mst041-B29]; [@mst041-B13]). However, because most of these experiments were conducted before fungal genome data were available, the investigators generally did not know how many genes were in each PCWDE family nor when a gene was expressed in planta during the pathogen life cycle. For example, although several studies, including expression analyses in *Z. tritici,* suggested that xylanases are virulence factors ([@mst041-B14]), disruption experiments, including analysis of a triple xylanase mutant, did not find an effect on virulence (e.g., [@mst041-B2]; [@mst041-B53]; [@mst041-B22]). However, our results indicated that the xylanase genes (classified in CAZy families GH10, GH11, and GH43; [fig. 4](#mst041-F4){ref-type="fig"}) were differentially transcribed during the life cycle stages. Thus, we hypothesize that effects on virulence in *Z. tritici* will be found only for hemicellulases that are highly or exclusively expressed during the necrotrophic phase, for example, ProtID 61141 or ProtID 30121 ([Supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online).

PCWDEs Involved in Host Adaptation
----------------------------------

The evolution of pathogens and their hosts are often tightly connected. For example, field and laboratory studies showed that infections of *Daphinia* spp. by the bacterium *Pasteuria ramosa* were highly dependent on the host species, on the host clones, on the population from which the hosts and parasites were collected, and on the ecological setting in which the infection occurred ([@mst041-B15] and references therein). The evolution of pathogen PCWDEs is also likely to be affected by host specialization. Under this evolutionary scenario, which we will call "host adaptation," we expected that diversifying selection will generate significant differences among orthologous enzymes in pathogens infecting different hosts, but we could expect to find purifying selection to optimize enzymatic function within species (scenario 2 in [fig. 5](#mst041-F5){ref-type="fig"}). *Zymoseptoria tritici* has only recently emerged as a pathogen specialized to infect domesticated wheat (*Triticum aestivum* and *T. durum*), whereas the more ancestral species *Z. pseudotritici* and *Z. ardabiliae* are found on a diversity of wild grasses, including *Lolium, Dactylus,* and *Agropyron* ([@mst041-B55]). Three enzymes of *Z. tritici* fit our scenario of host adaptation ([fig. 4](#mst041-F4){ref-type="fig"}): one cutinase (ProtID 18212) and two cellulases (ProtIDs 106779 and 83843). Interestingly, the two cellulases have their highest expression during the biotrophic phase of the life cycle. We speculate that these host-adapted cellulases in *Z. tritici* have evolved to digest a cellulose component unique to wheat and available to support pathogen growth during the biotrophic phase of its life cycle.

PCWDEs That Evolved to Evade Host Recognition
---------------------------------------------

The outcome of an infection is determined by complex interactions between the host and pathogen. On the host side, specialized proteins have evolved to detect the pathogen and activate subsequent defense responses. On the pathogen side, proteins have coevolved to avoid host recognition and to suppress the host's defense responses. Examples of diversifying selection often not only include host genes involved in pathogen recognition---such as the mammalian *MHC* and *TLR* genes ([@mst041-B28]; [@mst041-B65]) but also include pathogen genes encoding proteins that are targets of host recognition ([@mst041-B17]).

Some PCWDEs can be recognized by the plant immune system and will become targets of inhibitory proteins ([@mst041-B19]; [@mst041-B31]) produced by the host plant during the biotrophic and/or necrotrophic stages in the life cycle (scenario 3 in [fig. 5](#mst041-F5){ref-type="fig"}). Under this evolutionary scenario, which we will call "host evasion," our expectation was that diversifying selection will operate on an enzyme within the pathogen species to avoid recognition, similar to what has been observed for pathogen effectors (e.g., [@mst041-B52]; [@mst041-B37]; [@mst041-B57]).

*Zymoseptoria* enzymes that fit this scenario included a cutinase, a cellulase, and a hemicellulase ([fig. 4](#mst041-F4){ref-type="fig"}). This is the first reported case of diversifying selection in a fungal cutinase gene. Most interestingly, all three of these genes also show very low expression during the biotrophic phase, consistent with selection to avoid recognition by the plant immune system, but their transcription increased approximately 10 to 100-fold during the necrotrophic stage ([fig. 6](#mst041-F6){ref-type="fig"}). In contrast with the general belief that cellulases are less important during the host--pathogen interaction, we found that the cellulase gene GH54-ProtID 76589 was under significant diversifying selection; d*N*/d*S* values were four times higher in *Z. tritici* compared with its ancestors, and the gene also had very low reads per kilobase per million mapped reads (RPKM) values during the biotrophic phase. We speculate that this pattern could reflect a novel host interaction that emerged during the domestication of the pathogen on wheat. F[ig]{.smallcaps}. 6.Standardized transcription values (RPKM) for cell wall degrading enzymes in *Zymoseptoria tritici* that showed significant values of diversifying or purifying selection according to McDonald--Kreitman tests. Genes are color-coded according to the evolutionary scenario to which they were assigned (see also [figs. 4](#mst041-F4){ref-type="fig"} and [5](#mst041-F5){ref-type="fig"}). The gene expression bars represent the average from three biological replicates and error bars are one standard deviation from the mean; dpi, days post-inoculation. Detailed values are given in [supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online.

PCWDEs That Evolved Toward Optimized Function on Conserved Substrates
---------------------------------------------------------------------

Most PCWDEs exist as multigene families that likely originated through gene duplication ([@mst041-B68]), with several members of each family contributing to digestion of the same plant polymer. If the product of a gene duplication continues to be functionally expressed, it will be subjected to purifying selection because most nonsynonymous substitutions will have a deleterious effect and because the corresponding protein is evolving toward functional optimization (reviewed in [@mst041-B27]).

Some components of the plant cell wall will be highly conserved between different plant species. We hypothesized that fungal PCWDEs targeting these conserved components have been under purifying selection within and between species for optimized enzymatic function (scenario 4 in [fig. 5](#mst041-F5){ref-type="fig"}). Examples of enzymes that exhibited significant purifying selection within and between species include the hemicellulases GH43-ProtID 98714 and GH51-ProtID 40215 and several pectinases ([fig. 4](#mst041-F4){ref-type="fig"}). Pectinases are thought to play an important role during the initial biotrophic infection stage of *Z. tritici*. During this stage, hyphal growth is strictly intercellular without symptoms on the plant, and it is thought that the fungus is relying mainly on pectin as a source of nutrients. Concordant with this early role in infection was the observation that pectinases are among the first PCWDEs produced by many plant pathogenic fungi including *Z. tritici* ([@mst041-B7]; [@mst041-B14]). In our study, the overall pattern of pectinase evolution was consistent with purifying selection rather than diversifying selection as would be expected under a host evasion scenario. Five of 13 pectinase genes showed significant purifying selection based on MKTs ([fig. 2](#mst041-F2){ref-type="fig"}) and two of these also showed a decrease in d*N*/d*S*, consistent with our scenario of evolution for optimized function on highly conserved substrates ([fig. 4](#mst041-F4){ref-type="fig"}).

We were not able to assign 13 of the 48 genes to one of the four evolutionary scenarios that we postulate have affected the evolution of PCWDEs in pathogens (column 5 in [fig. 4](#mst041-F4){ref-type="fig"}). We consider it likely that other evolutionary mechanisms not included among our four scenarios will affect the evolution of PCWDEs. For example, switching to a new host may render a formerly useful gene worthless if the corresponding substrate does not exist in the new host, leading to relaxation of purifying selection and possibly to pseudogenization. Pseudogenization has often been associated with gene duplication ([@mst041-B39]). The gene ProtID 33254 is one of two members in the cellulase family GH61 and was under significant diversifying selection ([fig. 2](#mst041-F2){ref-type="fig"}; [supplementary table S3a](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online). However, the RNA-Seq experiment revealed that this gene was not transcribed in any of the three life cycle stages, in contrast to its sister gene GH61-ProtID 103512 that showed high RPKM values in the saprotrophic stage ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) online). This suggests that the molecular signal of diversifying selection may be due to relaxed purifying selection operating on a pseudogenized gene. This example illustrates well the advantage of combining population genomics, comparative genomics, and RNA-Seq to infer evolutionary processes affecting enzymes.

Conclusion
==========

Our findings demonstrate life-cycle-dependent expression of key enzymes in a plant pathogenic fungus. We furthermore show that complex evolutionary processes have shaped the sequence composition of these PCWDE in the emerging wheat pathogen *Z. tritici*. The evolution of PCWDEs in *Zymoseptoria* has been significantly affected by varying degrees of purifying and diversifying selection. [@mst041-B4] proposed a wealth of theoretical coevolutionary processes and patterns and showed that coevolutionary dynamics at the molecular level might be quite complex. In this regard, our four proposed scenarios are "coarse-grained" and may represent oversimplifications of complex, multistep evolutionary processes. Most coevolutionary processes are also likely to be too interwoven to claim that our scenarios are exclusive and independent from each other. For example, [figure 4](#mst041-F4){ref-type="fig"} shows that the scenario of "life-cycle specialization" can be caused by one of the other proposed scenarios, for example, substrate optimization during a specific stage of the life cycle. However, the four simplified evolutionary scenarios provide a useful first-level classification that can be applied to subsequent, more detailed research on individual proteins. This study provides a powerful framework to better understand the roles played by different members of multigene families and to identify genes that are the most appropriate targets for subsequent wet laboratory experimentation. Our approach allows us to test specific predictions about the enzymatic function and role of specific categories of enzymes that are active during relevant phases of a pathogen's life cycle.

Materials and Methods
=====================

Comparative Genomics
--------------------

The *Zymoseptoria tritici* isolate IPO323 genome sequence and annotations are deposited at the Joint Genome Institute (<http://genome.jgi-psf.org/Mycgr3/Mycgr3.info.html>; *Mycosphaerella graminicola* v2.0, last accessed March 2013). The CAZy ([@mst041-B6]) pipeline was used to identify and annotate predicted PCWDE proteins for this isolate ([@mst041-B23]). We retrieved the complete sequences of all PCWDEs of *Z. tritici* IPO323 predicted to degrade cellulose, hemicellulose, pectin, and cutin. We used a combination of LASTZ ([@mst041-B24]) and Basic Local Alignment Search Tool ([@mst041-B1]) to identify PCWDE homologs and orthologs in 19 additional whole-genome assemblies of *Z. tritici* and its closest relatives. These previously reported genome assemblies included nine genomes of *Z. tritici* (National Center for Biotechnology Information; NCBI BioProject PRJNA178194), five genomes of *Z. pseudotritici*, four genomes of *Z. ardabiliae,* and one isolate of *Z. passerinii* (NCBI BioProject PRJNA63131) used as an outgroup ([@mst041-B56]; [@mst041-B61]). Exonic sequences from each PCWDE found in IPO323 were mapped to genomic scaffolds of the resequenced isolates with LASTZ. We used a nucleotide similarity cutoff of 60% and custom Perl scripts to screen low scoring hits. Putative ortholog sets were aligned with MAFFT ([@mst041-B33]) using the iterative refinement option (--maxiterate 1,000). We visually inspected all putative ortholog sets for 1) unambiguous alignment of the coding and flanking sequences and 2) for obvious signs of pseudogenization (1--2 bp indels). We tested all ortholog sets to determine whether a BLASTN search identified the orthologs as best reciprocal matching pairs between the most distant species pair available for a given ortholog set (e.g., *Z. tritici* and *Z. passerinii*).

Phylogeny
---------

The phylogenetic relationship among the different species was reconstructed following the proposed fungal barcoding standard ([@mst041-B30]). Full-length sequences were extracted from all 20 genomes for the following six genes; 18S and 28S ribosomal genes, the internal transcribed spacer, elongation factor EF1-alpha, RNA polymerase II largest subunit (RPB1), and second largest subunit (RPB2). Unambiguous multiple sequence alignment of the concatenated data set was conducted on the aa level using MAFFT ([@mst041-B33]). jModelTest ([@mst041-B45]) was used to fit the data to the best general-time-reversible model, and the phylogeny was inferred using MrBayes 3.2 ([@mst041-B50]) for 9 × 10^6^ generations sampling every 500 generations.

Transcription Analyses
----------------------

Recently, it has become possible to determine which enzyme-encoding gene is transcribed during each phase in the pathogen life cycle using next-generation sequencing tools such as RNA-Seq ([@mst041-B42]). The hemibiotrophic pathogen *Z. tritici* displays a life cycle composed of an initial biotrophic and asymptomatic phase spanning 10--12 days post-inoculation (dpi), followed by a necrotrophic period lasting 1--4 days during which the leaf tissue is killed. Afterward, the fungus survives as a saprotroph on dead wheat leaves. The timing of the transitions between different life stages varies depending on the virulence of the strain. The highly virulent *Z. tritici* strain ST99CH3D7 was used to determine PCWDE expression profiles during the three life cycle stages following infection on *Triticum aestivum.* Three-week-old *T. aestivum* var. Drifter plants were inoculated with 120 ml of a spore suspension (10^6^ spores/ml) containing 50 µl Tween. Total RNA was extracted using TRIzol (Invitrogen) from the second leaf of three different inoculated plants at each time point. The sampled plants were removed from the experiment to prevent resampling of the same plant. Sampling dates were at 7 dpi (biotrophic stage), 13 dpi (necrotrophic stage), and 56 dpi (saprotrophic stage). The quality of the isolated RNA was determined with a Qubit (1.0) Fluorometer (Life Technologies, CA) and a Bioanalyzer 2100 (Agilent, Waldbronn, Germany). All samples had a 260 nm/280 nm ratio between 1.8 and 2.1 and a 28S/18S ratio within 1.5--2.0. The TruSeq RNA Sample Prep Kit v2 (Illumina, Inc., CA) was used in the subsequent steps. Briefly, total RNA samples (1 μg) were poly-A enriched and then reverse transcribed into double-stranded cDNA. TruSeq adapters were ligated to double-stranded cDNA. Fragments with an average fragment size of approximately 260 bp containing TruSeq adapters on both ends were selectively enriched using a polymerase chain reaction. The quality and quantity of the enriched libraries were validated using the Qubit (1.0) Fluorometer and the Caliper GX LabChip GX (Caliper Life Sciences, Inc.). The libraries were normalized to 10 nM in Tris-Cl 10 mM, pH 8.5 with 0.1% Tween 20.

The TruSeq PE Cluster Kit v3-cBot-HS (Illumina, Inc., CA) was used for cluster generation using 2 pM of pooled normalized libraries on the cBOT. Sequencing was performed on the Illumina HiSeq 2000 paired end at 2 × 101 bp using the TruSeq SBS Kit v3-HS (Illumina Inc., CA).

RNA-Seq reads were quality checked using FastQC (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>, last accessed March 2013). Reads were aligned to the reference genome and transcriptome with TopHat v1.3.3 ([@mst041-B62]). We used the reference genome build Mgraminicolav2, and the transcriptome reference was the filtered gene models provided in Mgraminicolav2.FilteredModels1.gff (<http://genomeportal.jgi-psf.org/Mycgr3/Mycgr3.home.html>, last accessed March 2013). Before mapping, low-quality ends of the reads were clipped (3 bases from the read start and 10 bases from the read end). TopHat was run with default options. The fragment length parameter was set to 100 bases with a standard deviation of 100 bases. The distribution of reads across genomic features was assessed based on these alignments. CLC Genomics Workbench v5.0.1 (CLC Bio, Aarhus, Denmark) was then used to visualize the results. Data were normalized by calculating the reads per kilobase per million mapped reads (RPKM = total exon reads/mapped reads in millions × exon length in kb; [@mst041-B43]). We tested for significant differences in transcript abundances among the different samples using the Cufflinks assembler v. 2.0.2 ([@mst041-B63]). Differential expression among samples was analyzed as a time series, and transcript abundance was normalized using fragment bias correction and upper quartile normalization ([@mst041-B63]; [@mst041-B47]).

Selection Analyses
------------------

We used the MKT to investigate selection on the DNA level ([@mst041-B40]). The MKT approach compares the amount of nucleotide variation within a species (i.e., "polymorphism") with the amount of variation between species (i.e., "divergence"). We applied the MKTs on all pairwise combinations of the three species *Z. tritici, Z. pseudotritici,* and *Z. ardabiliae*. MKTs were conducted on each PCWDE individually. The Mantel--Haenszel method provides a pooled odds ratio across the strata of 2 × 2 contingency tables. When this test indicated homogeneity across individual data sets, combined data sets of CAZy multigene families were also analyzed using the MKT. Significance of deviations from neutral expectations was calculated using Fisher's exact tests from contingency tables of divergence corrected by [@mst041-B32]. The amount and direction of inferred selection was quantified using the neutrality index (NI) and its equivalent for multilocus data sets, the Mantel--Haenszel estimator ([@mst041-B46]). For better visualization, NI values were −log~10~ transformed, resulting in negative values being indicative of purifying (negative) selection and positive values being indicative of diversifying (positive) selection.

We have reasons to expect that evolutionary pressures acting on the PCWDEs have differed significantly between *Z. tritici* and its two relatives because they originate from distinct host species, domesticated wheat versus wild grasses, and they show evidence of host specialization ([@mst041-B3]; [@mst041-B56]). We used phylogenetic analyses based on maximum likelihood as implemented in the HyPhy software package ([@mst041-B35]) to determine whether significant differences in selection pressure, as measured by d*N*/d*S* ratios, were operating on these PCWDEs during the evolution of *Z. tritici*. First, the best nucleotide substitution model was determined through a hierarchical testing procedure, and the aligned sequences were tested for recombination before selection analyses using the implemented options on the web server of the HyPhy package (<http://www.datamonkey.org/>, last accessed March 2013). The phylogenetic trees for each gene were reconstructed with MEGA5 ([@mst041-B59]) using the neighbor-joining method and the maximum composite likelihood model. We used the HyPhy batch file "SelectionLRT" to compare the plausibility of evolutionary models, where d*N* estimates were either independent or constrained to be equal in different combinations of three specified partitions within the phylogeny. The specified partitions were the *Z. tritici* clade (i.e., the domesticated, host-specialized pathogen), the ancestral clade (i.e., the unspecialized *Z. pseudotritici* and *Z. ardabiliae* progenitors on wild grasses), and their separating branch. The models tested were M1, uniform global d*N* estimate; M2, constrained d*N* estimate for *Z. tritici* and the ancestral clade with independent estimate for the separating branch; M3, constrained d*N* estimate for *Z. tritici* plus separating branch and independent estimate for the ancestral clade; M4, constrained d*N* estimate for the ancestral clade plus separating branch and independent estimate for *Z. tritici*; and M5, independent d*N* estimates for *Z. tritici*, ancestral clade, and the separating branch ([@mst041-B20]). Akaike Information Criterion (AIC) was used to determine the relative fit of each model ([@mst041-B5]).

Supplementary Material
======================

[Supplementary results](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), [figure S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1), and [tables S1--S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst041/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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